Introduction
Insect embryos initiate their development in a large syncytial cell where multiple nuclei 49 undergo nuclear divisions in a common cytoplasm without forming complete cells. The 50 cytoplasm is thought to mix uniformly in the syncytial cells. However, syncytial 51 Drosophila embryos have distinct domains of gene expression patterns in nuclei despite 52 being in this common cytoplasm (Shvartsman et al., 2008) . Several tissues in different 53 organisms, for example, plant endosperm cells, animal muscle cells and fungal hyphae, 54 also contain syncytial cells. Syncytial nuclei in fungi maintain distinct cell cycle stages 55 (Anderson et al., 2013; Dundon et al., 2016) . The spatially separated daughter nuclei in 56 these fungi continue to proceed through the cell cycle synchronously by maintaining a 57 similar concentration of cell cycle components (Lee et al., 2013) . Syncytial nuclei in 58 muscle cells have a differential expression of mRNAs as compared to their neighbors 59 (Pavlath et al., 1989) . These studies indicate that several components of the cytoplasm 60 have local function and are likely to be generated and sequestered in the vicinity of the 61 3 syncytial nuclei. It is of interest to understand the cellular mechanisms that regulate 62 compartmentalized distribution of molecules despite being in a common cytoplasm. 63 
64
The syncytial embryos of Drosophila provide a tractable system to decipher the extent 65 to which different cellular components are shared across nucleo-cytoplasmic domains. 66 Drosophila embryogenesis begins with 9 nuclear division cycles deep within the embryo 67 during the preblastoderm stage. Nuclei along with centrosomes migrate to the cortex in 68 nuclear cycle 10 and the nuclear division cycles 11-14 occur beneath the cortex in the 69 syncytial blastoderm embryo (Foe and Alberts, 1983; Karr, 1986;  Warn, 1986; Foe,Odell 70 and Edgar, 1993; Sullivan and Theurkauf, 1995) . Each interphase nucleus of the 71 syncytial blastoderm embryo is surrounded by apical centrosomes and a microtubule 72 array in an inverted basket conformation. Astral microtubules reach out from the 73 centrosomes towards the cortex and overlap with the astral microtubules originating 74 from neighbouring nuclei (Cao et al., 2010) . F-actin is present in caps above the nuclei spindles during metaphase. Actin is enriched along the cortex at the extending plasma 83 membrane furrows (Foe,Odell and Edgar, 1993) . The short furrows present in 84 interphase between adjacent nuclei extend deeper between spindles in metaphase. 85 Molecules in the plasma membrane, ER, Golgi complex and mitochondria have limited 86 exchange between adjacent nucleo-cytoplasmic domains in the syncytial Drosophila various sizes when injected in the cytoplasm of the syncytial blastoderm embryo has 93 been used to estimate the rate of cytoplasmic diffusion in the embryo (Gregor et al., 94 2005). Micro-rheology based measurements of cytoplasmic viscosity have found that 95 cytoplasmic viscosity is three times higher that of water in the region between nuclei 96 and yolk of the syncytial Drosophila embryo. In addition, microtubules, but not actin 97 contribute to the observed viscosity (Wessel et al., 2015) . In this study, we attempt to elucidate the extent of gradient spread across nucleo-112 cytoplasmic domains of the syncytial Drosophila embryo using a comparison between 113 cytoplasmic PA-GFP and PA-GFP-Tubulin. Fluorescently labelled tubulin incorporates 114 well in the microtubule network and is also present in the cytoplasm. We use 115 photoactivation to generate a fixed population of PA-GFP or PA-GFP-Tubulin and find 116 that both diffuse in the cortical region as compared to the yolk filled central region of the 117 syncytial blastoderm embryo. The gradient of PA-GFP-Tubulin is more restricted as 118 compared to PA-GFP in the antero-posterior axis. PA-GFP and PA-GFP-Tubulin have a 119 decreased spread when generated in the middle of the embryo as compared to the 120 anterior. The PA-GFP-Tubulin gradient diffuses to a greater distance in mutants 121 showing a loss of plasma membrane furrows and disruption of the microtubule network.
122
The PA-GFP gradient is not affected in these mutants. Our study provides a framework 123 5 for assessing the regulation of gradient formation by its interaction with the syncytial 124 cytoarchitecture components and has implications on the spread of morphogen 125 gradients across different paradigms. The syncytial Drosophila blastoderm embryo has a characteristic arrangement of 132 microtubules around each nucleus. Microtubules emanate from the apical centrioles and 133 spread vertically covering the nuclei in an inverted basket like arrangement (Karr, 1986; 134 Sullivan and Theurkauf, 1995). In order to test the extent of spread of molecules in the 135 cytoplasm we imaged embryos expressing GFP ubiquitously under the control of the 136 ubiquitin promoter. GFP is expected to be present primarily in the cytoplasm and is not 137 known to interact with any cytoplasmic components (Verkman, 1999) . We compared the 138 expression of cytoplasmic GFP to fluorescently labelled tubulin as it would partition into 139 the cytoplasm and also incorporate into the microtubule cytoskeleton. For this we 140 imaged live embryos expressing fluorescently tagged alpha-Tubulin (UASp-mCherry-141 Tubulin) (Rusan and Peifer, 2007) with mat-Gal4-vp16 (mat-Gal4). We found that 142 cytoplasmic GFP was enriched cortically and accumulated inside the cortical nuclei 143 ( Figure 1A ). Accumulation of GFP occurs passively inside the nucleus as a result of its 144 small size which allows it to pass through the nuclear pore complex (Ruiwen Wang, 145 2007). The fluorescence intensity of cytoplasmic GFP progressively increased near the 146 cortex as syncytial division cycles progressed but remained above the yolk filled region 147 ( Figure 1B , Movie S1). We noticed GFP fluorescence dropped to approximately 30% 148 between 32 to 36μm in syncytial cycle 14 ( Figure 1E ). mCherry-Tubulin was enriched 149 on apical centrioles, in microtubules spreading vertically from the cortex and in the 150 cytoplasm in the syncytial division cycles ( Figure 1C , Movie S2). mCherry-Tubulin also 151 showed progressive accumulation of fluorescence signal near the cortex as the 152 syncytial cycles progressed ( Figure 1D ). mCherry-Tubulin fluorescence dropped to 30% 153 between 25 to 27μm beneath the cortex in syncytial cycle 14 ( Figure 1F ). Thus Anteriorly photoactivated PA-GFP and PA-GFP-Tubulin shows an exponential 201 gradient that is steeper for PA-GFP-Tubulin 202 We next attempted to quantify the gradients obtained in the antero-posterior axis on 203 photoactivation of PA-GFP and PA-GFP-Tubulin anteriorly. We found that the 204 photoactivated probes spread further as the syncytial cycles progress ( Figure 3A Figure 3C ,D). This is also apparent from the 212 temporal evolution of the rate of change of the concentration at these different locations 213 ( Figure 3E ,F). We used the steady state concentration profile and extracted the 214 characteristic length scales by fitting it to an exponential decay equation (Figure 3G ,H). 215 PA-GFP and PA-GFP-Tubulin formed gradients of distinct length scales after activation 216 8 at the anterior pole ( Figure 3I ). We found that the length scale for PA-GFP (186+25μm) 217 was significantly higher than PA-GFP-Tubulin (70+4μm) ( Figure 3J ). The estimated 218 diffusion coefficient for PA-GFP was 44.25μm 2 /s and PA-GFP-Tubulin was 20.87μm 2 /s 219 (refer to Materials and Methods). This is likely to be because PA-GFP-Tubulin, in 220 addition to being present in the cytoplasm is also engaged in forming the microtubule 221 cytoskeleton and this turnover makes it less available to diffuse as compared to PA-222 GFP alone. Figure 4N ). These analyses show that the gradient spreads uniformly across the 256 syncytial nucleo-cytoplasmic domains towards the anterior pole and the posterior pole 257 of the Drosophila embryo, negating the presence of any cytoplasmic flows or currents. 258 In summary, photoactivated molecules generated in middle spread to a smaller distance 259 as compared to when they were generated at the anterior pole. Photoactivation as a method to study regional differences in kinetics of gradient 343 formation in the syncytial Drosophila embryo 344 The use of photoactivatable GFP molecules allows for the creation of localized ectopic Cytoplasm organization in cells 367 The cytoplasm of majority of living cells can be described as an inhomogeneous, multi- At long enough times, the concentration profile evolves to a steady state ( Figure 3C,D) . 531 The steady state solution of the SDD model for a semi-infinite domain is given by, The estimation of the time taken to reach steady state makes certain assumptions. 588 Firstly, the fluctuations in the concentration can be significantly high in certain embryos, 589 which results in a large variation of the time estimate. Secondly, a characteristic feature 590 of the time evolution of concentration profiles is that there is a sharp initial increase 591 followed by a slow increase in the concentration. This suggests that there may be other 592 biological processes beyond those described by the SDD model that affect the evolution 593 of the concentration to the steady state. While estimating the diffusion coefficient, we 594 neglect the slower variation and have chosen the onset of this slow increase as the 595 steady state time. 
